Introduction
Wind power has seen a rapid expansion in capacity in recent years; the global capacity has more than quadrupled since the beginning of this century [1] . Offshore wind generation in particular has the potential to make a substantial contribution to future energy needs as the wind in the marine environment is generally higher than onshore and less variable. In the UK in particular, there is an interest in the expected offshore wind resource given ambitious national plans to expand offshore capacity. Since the end of 2014, the UK had the largest capacity of offshore wind generation worldwide [1] .
The behavior of the wind has a critical impact on the economic viability of an offshore wind farm. However, the assessment of the wind climate in a marine environment is particularly challenging due to the difficulty and high cost of installing and maintaining meteorological masts, particularly as measurements are exceeding 100m above sea level in many cases. Observations from ships are a potential source of information but they suffer from ship motion and are sparse in space and discontinuous in time. Satellite scatterometers offer spatially well-distributed data but short records and data are irregular in time and space [2] . Measurements from anchored buoys and meteorological towers are sparse offshore in time and space and influenced by local effects. In addition, such measurements may be fine for site specific information, but it is challenging to extrapolate such data beyond the measurement site [3] , [4] and [5] . In addition, meteorological masts have a high cost (>£10million). There is, therefore, an increasing interest in alternative datasets to minimize the requirement for offshore masts. These alternatives include global reanalysis datasets. Reanalysis data are available at different heights over long term time periods facilitating the interaction between wind generation models and climate models [6] and [7] .
The use of reanalysis dataset as input time series to simulate wind-power applications [8] could be very useful on the aggregated level to model wake losses and to correct for systematic errors on long and short time scales [9] . In particular, the Modern-Era Retrospective analysis for Research and Applications (MERRA) reanalysis dataset has been used to produce wind-power generation time-series, which have strong correlation with the data measured in a power system [10] ; to describe seasonal and inter-annual variability and to quantify the frequency of extreme events [11] .
The Modern-Era Retrospective analysis for Research and Applications, Version 2 (MERRA2) is used in this paper [12] [13] as a source of offshore wind speed data around the UK. The MERRA2 reanalysis replaced that of MERRA introducing among other things several improvements in the assimilation system, in the model and in the spatial resolution. MERRA2 uses the upgraded version 5.12.4 of the Goddard Earth Observing System Model, Version 5 (GEOS-5). MERRA2 is managed by the NASA Goddard Earth Sciences (GES) Data and Information Services Center (DISC) [12] .
The MERRA2 grid has 576 points in the longitudinal direction and 361 points in the latitudinal direction, corresponding to a resolution of 0.625°×0.5° (a grid cell of 5/8° longitude by 1/2° latitude, known as native resolution). It also corresponds to a spatial resolution of approximately 50 km in the latitudinal direction.
Data from MERRA2 are available in a number of different file types which classify the variables according to different time and spatial scales. In particular, in this paper, the standard name of the assimilated GEOS-5 MERRA-2 data collection used was: tavg1_2d_slv_Nx (M2T1NXSLV) which corresponds to time averaged data with an averaging interval of 1 hour (tavg1) containing two dimensional fields (2d) in a single level (slv) with native resolution (N) just in the horizontal plane (x) [13] .
Using the MERRA2 dataset and data from offshore masts, this paper examines the average wind speed, diurnal and seasonal cycles as a function of distance from the coast. An empirical expression is introduced to represent the average wind speed relative to the distance from the coast for the whole study period and for each season. Results for the MERRA2 dataset are compared with measurements from two offshore masts.
Study region
As was stated above, in this paper, we used wind speed data from the MERRA2 reanalysis dataset and data recorded from offshore mast stations. The two masts, London Array (LA) and Greater Gabbard (GG), are located offshore of the South East coast of England (see the two small white arrows in Figure  1 ), while the MERRA2 grid points were selected as the closest grid points to the offshore masts, plus an additional adjacent matrix of 5 x 5 points in order to cover distances to the shore up to approximately 250 km. A total of 35 MERRA2 grid points were initially used in this research which were located in Figure 1 with pins and ID numbers. Even though the MERRA2 datasets runs from 1980 up to the current date (~36 years), for the purpose of this research, a period of 6 years was selected as the study period, concurrent with the period of wind data available for the two offshore mast datasets. Wind speed at 50m height was used from the MERRA2 dataset and for the offshore masts the wind speed data available closest to 50m height were used. In order to reduce the number of simultaneous values to be plotted in a single chart, the results shown in the next section were analysed for the 35 MERRA2 grid points and 10 of them representing the whole range of variations of the study parameters were selected to be plotted along with the two offshore masts results. These 12 points will be referred in this paper as the "selected study points" and they are represented in Figure 1 by white pins and arrows. Table 1 shows for these selected study points their geographical coordinates, distance to the nearest coast and the direction of the nearest coast. 
Diurnal and seasonal cycles
The diurnal cycles computed over the whole study period for the selected study points have been plotted in Figure 2 . In the case of the offshore masts, even though both masts are located approximately at the same distance from the coast, the London Array (LA) mast shows more influence from the land (manifested in the larger magnitude of the diurnal pattern) than the Greater Gabbard (GG) mast, particularly during the morning. This is because the coastal distance for the prevailing south-westerly wind direction is half that for the LA mast compared to the GG mast (see Figure 1 and Figure 3 ). In the case of the MERRA2 grid points, the points 11, 12, 16, 17 and 18 show a clear influence from the land diurnal cycle. The points 15, 20 and 25 receive a smaller influence from the land diurnal cycle while the points 30 and 35 show almost no influence from the land diurnal cycle.
In general, it can be seen that the averages of wind speed over the diurnal cycle are smaller for the MERRA2 grid points located at similar distance of the shore than the averages recorded by the offshore mast stations. As was mentioned earlier the rest of the 35 MERRA2 grid points showed similar trends relative to their distance from the coast and are not presented for the purposes of clarity. The frequency distribution of the wind direction is presented in Figure 3 below. It can be seen that the direction of the prevailing wind is around the sector located at 240 degrees. This could have some influence over the wind pattern in particular for the sites closer to the shore, as was already pointed out. This prevailing trend is even stronger for the two offshore masts which also show smaller peaks around 30-60 degrees not observed in the reanalysis data. Figure 4 below presents the average wind speed for each season for every selected study point over the whole study period. As can be seen the average wind speed decreases in the Summer season and reaches a maximum over the Autumn-Winter seasons. Although the absolute values of the wind speed vary as a function of the distance to the coast, the magnitude of the seasonal cycles does not show much variation for the MERRA2 data points.
In the case of the offshore masts, there was a significant decrease in the average wind speed of the LA mast for the Autumn season which could be related with some particular local conditions around this mast location. In this case, as well as in the case of the diurnal cycles, the average values of the wind speed for the selected MERRA2 grid points are smaller than the averages wind speed recorded by the offshore mast stations. In order to better show the degree of variability of the diurnal and seasonal cycles over the whole study period, a parameter was defined as the difference between the maximum and minimum divided by the average wind speed over the study period, see equation (1) Figure 5 presents the parameter defined by equation (1) over the diurnal cycle for the MERRA2 grid points and the offshore masts. It can be seen that, as was mentioned before, the variations within a cycle are larger for the points located closer to the shore than those located further away. Specifically, the points located more than 150km from the nearest coast show less than the half of the variation of the sites located up to around 90km from the nearest coast. The much larger fractional variation in the diurnal cycle for LA when compared with the reanalysis data is apparent. Figure 5 . Variations of the average wind speed for the diurnal cycle over the whole study period for the MERRA2 grid points and for the offshore masts: LA (rhombus) and GG (square).
In the case of the seasonal patterns, Figure 6 presents the variations of the average wind speed as defined in equation (1) for the MERRA2 grid points and the offshore masts. It can be seen that other than the two points less than 30km from the coast that the seasonal cycles seem to be almost independent of the distance to the nearest shore, though interestingly there is some evidence for a peak in amplitude at around 70km from the coast What is clear is that the fractional variation seen at the offshore masts is significantly less than that of the reanalysis data. Figure 6 . Variations of the average wind speed for the seasonal cycle over the whole study period for the MERRA2 grid points and the offshore masts: LA (rhombus) and GG (square).
Analysing average wind speed as a function of the coastal distance
The average wind speed as function of the distance to the nearest coast for the MERRA2 grid points and the offshore mast have been plotted in Figure 7 and Figure 8 for the whole period and for each season, respectively.
It can be seen that there is a relationship between average wind speed and distance. There is evidence of the average wind speed reaching an asymptotic value at large distances. Although all the points considered are offshore, clearly, the average wind speed at the coast would be expected to be non-zero. With this in mind, an empirical expression for the average long term offshore wind speed as a function of distance from the nearest coast is proposed of the form: (2) to the average 50m wind speeds showed in in Figure 7 and Figure 8 . where u represents the average wind speed at a distance x from the nearest coast line, a is a dimensionless constant equal to 4. The empirical parameter is a distance scale which reflects how quickly the wind speed adjusts to the offshore conditions. The value of and were fitted for the whole study period and by season using a least squared fit in the Mathematica programming evironment. The fits are shown as dotted lines in Figure 7 and Figure 8 ; and the values of and are given in Table 2 along with the coefficient of determination R (2) and table 2, over the whole study period. The average wind speed for the offshore masts is represented for LA by a rhombus and for GG by a square.
The average wind speed would equal at the coast and would asymptote at large distances to 4 , however, it should be stressed that the fit has only been made between the closest site at 3km and the furthest at 223km, so would only strictly be valid in this range. Although it can be seen that there is some degree of scatter for the values at each site around the trend lines, the empirical expression in equation (2) does provide a reasonably good fit to the data over a range of distances between ~5km and ~220km from the coast, with the possible exception of the summer season. Figure 8 . Distribution of the average wind speed relative to the nearest shore distance and the proposed interpolation curves, following equation (2) with the values listed in table 2, over each particular season (a) Winter, (b) Autumn, (c) Spring and (d) Summer. The average wind speed for the offshore masts is represented for LA by a rhombus and for GG by a square. Figure 7 shows clearly that the reanalysis data significantly under-predicts the overall average wind speed at both LA and GG. Looking at Figure 8 , this is also true by season with the exception of the autumn where there is an over-prediction.
Conclusions
This paper has used 50m long term reanalysis data from MERRA2 in order to study the spatial characteristics of the offshore wind speed close to the UK's development sites. A comparison was made between these data and measurements from two offshore masts. Trends in mean wind speed, diurnal and seasonal variation were studied as a function of distance from the coast. A relatively simple twoparameter empirical expression was identified to estimate wind speed based on distance from the coast giving a reasonable fit to the data, though this needs to be validated further by analysing data from a larger number of sites and a greater range of distances from the coast.
From the results presented in this paper, it can also be concluded that:  The position of the coast for the prevailing wind direction seems to have a dominant effect over the magnitude of the diurnal cycle This was clear from looking at the results for London Array and Greater Gabbard where the distance to the coast for the prevailing wind direction is significantly different but the nearest distance to the coast is almost the same.  Data from the MERRA2 grid points located more than 150 km from the nearest coast show a magnitude in the fractional diurnal variation which is less than half of that for grid points located 90km form the nearest coast.  The data from the MERRA2 grid points used in this research consistently seem to under-predict the measured of wind speed overall and for the diurnal and seasonal cycles, with the exception of the autumn season.  The fractional variation in magnitude of the seasonal cycles seem to be independent of the distance to the nearest shore for distances above the 30km, though there is some evidence for a peak at around 70km.
